[1] On 14 September 2001, under stongly northward IMF conditions Cluster registered several fast magnetic field polarity changes which are usually attributed to thin (nearequatorial) current sheet crossings. However, the IMF was northward for the previous 24 hours, the plasma sheet was expanded vertically, filled with cold, dense plasmas with high local vertical magnetic component B z , and the formation of a such cross-tail thin current sheet was very unlikely. The analysis of multipoint measurements revealed that the detected sheets were almost vertically oriented, had strong shear and vanishing normal magnetic components, and therefore could be interpreted as boundaries between independent magnetic field domains (flux tubes) vertically indented relative to their neighbors, rather than crossings of the main cross-tail current sheet. Such field reversals would be then observed by a spacecraft owing to horizontal flapping motion. Similar events were detected under analogous conditions by a pair of Geotail and Interball spacecraft, providing important evidence of significant spatial extent of areas with indented magnetic flux tubes along the tail. In conclusion we suggest how such anomalous structured magnetotail configuration might emerge in the course of high-latitude reconnection of geomagnetic lobe and northward IMF. 
Introduction
[2] The four Cluster spacecraft offer a unique possibility to determine spatial structure of the magnetospheric boundaries and current sheets. In particular, in the magnetotail the interest is centered on the properties of the plasma sheet. During southward interplanetary magnetic field (IMF), prior to substorms, the plasma sheet magnetic field lines are stretched so that the thin cross-tail current sheet (and magnetic field reversal) with small normal component B z forms near the equatorial plane [Nishida, 2000] . (Hereafter GSM frame of reference is used everywhere.) This sheet might have a thickness of a fraction of an Earth radius and be crossed by a spacecraft in $100 seconds due to flapping motion of several ten km/s [Sergeev et al., 1998 ]. When the IMF is northward, the plasma sheet is believed to expand in the vertical direction [Huang et al., 1989; Nishida, 2000] , attaining a more spherical rather than planar magnetic field configuration with a large local B z . Supposing a certain degree of uniformness, magnetic field changes along the spacecraft trajectory should then be gradual unless the relative velocity is unrealistically high.
[3] On 14 September 2001 the Cluster spacecraft, amidst the plasma sheet with large B z and after almost 24 hours of continuous northward IMF, detected five magnetic field (mostly B x ) polarity reversals which were fast enough to attribute them to a crossing of a very thin layer. Since the thin cross-tail current sheet is not expected to exist under such conditions, one has to suppose some internal irregularity in the plasma sheet magnetic structure. We suggest a scenario of formation of such nonuniformity due to specifics of the reconnection process of geomagnetic field with northward IMF.
[4] In section 2 the current understanding of the magnetospheric dynamics under northward IMF is reviewed. In section 3 we present a general description of the Cluster measurements, the solar wind and magnetotail state at 14 September 2001, while in section 4 current sheet crossings, detected during this day, are thoroughly investigated. In section 5 an important large-scale prospective is provided with data taken under similar IMF conditions by radially aligned Geotail and Interball-Tail spacecraft at 8 November 1998. Here we used the Sergeev et al. [1998] method to determine the current sheet parameters from single space-craft measurements. In section 6 both global plasma sheet structure during northward IMF and possible mechanism of formation of such anomalous reversals are discussed.
Earth's Magnetosphere Under Northward IMF
[5] Since the first Dungey model [Dungey, 1961] , it is widely accepted that the dynamics of the Earth's magnetosphere is primarily determined by IMF reconnection with antiparallel geomagnetic field lines. The actual magnetospheric dynamics and convection pattern can be recovered with the help of in situ measurements in the magnetotail or particle precipitation and convection measurements in the polar ionosphere. When the IMF is southward, it merges with antiparallel geomagnetic field lines on the dayside and new open field lines are added to the tail lobes, shaping the thin plasma sheet filled with rarefied hot plasma, while the narrow auroral oval and expanded polar cap with the twocell (anti-sunward) convection pattern are observed in the ionosphere. Later excessive field lines return from the magnetotail to the dayside during substorms [e.g., Nishida et al., 2000] . When IMF jB y j > jB z j (even if B z > 0) the dayside reconnection still continues but in a skewed configuration and with less efficiency [Nishida et al., 1998 ].
[6] When IMF B z is positive and larger than IMF jB y j, the reconnection scheme changes from the dayside to the highlatitude scenario (Figure 1 ). IMF is antiparallel now to open geomagnetic field lines poleward of the cusps [e.g., Maezawa, 1976] . Here the reconnection occurs independently in two hemispheres and is affected by IMF B x and by the dipole tilt (season), which modify the angle between the IMF and the geomagnetic field. The northward IMF is ''more'' antiparallel to geomagnetic field lines above the summer (sunlit) polar cap, while the positive (negative) IMF B x ''selects'' the southern (northern) polar cap [Reiff and Burch, 1985] .
[7] When the IMF line is reconnected in one hemisphere, one new IMF line and one open field line form (Figure 1) . The other end of the latter is convected past the opposite polar magnetosphere, where it has chances to reconnect with another (antiparallel) open line [Crooker, 1992] . The result of such re-reconnection is the closed field line carrying the magnetosheath plasma, which is added to the flank boundary layer and eventually convected to the nightside [Le et al., 1996; Tanaka, 1999] . In the ionosphere the polar cap shrinks, the auroral oval expands to higher latitudes, and a four-cell convection pattern is formed [e.g., Huang et al., 2000; Cumnock et al., 1995; Troshichev, 1990; Taguchi and Hoffman, 1996] . Several numerical modeling studies [Fedder and Lyon, 1995; Mobarry et al., 1996; Song et al., 1999] suggest that the (more poleward) pair of the reverse convection cells includes field lines which are involved in the merging process and are traced to the boundary layer with tailward streaming plasma. The more equatorward ''normal'' convection cells correspond to circulation of permanently closed field lines inside the plasma sheet. The boundary layer and the plasma sheet are divided with the separatrix (see, e.g., Plate 3 of Song et al. [1999] ). The closed field line area in the equatorial magnetotail is gradually shrinking in Y direction downstream, being substituted by the expanding boundary layer flow, so that the tail length (understood as the closed lines domain) became short enough ($50 -100 R E ) [Song et al., 1999] . This scheme is also supported by the distant tail observations [Fairfield, 1993] .
[8] According to local spacecraft measurements in the near magnetotail, the plasma sheet expands in the vertical direction, and is filled with magnetic field with significant vertical (B z ) component and cold/dense plasmas [Slavin et al., 1985; Fairfield et al., 1996; Terasawa et al., 1997; Nishino et al., 2002; Fairfield, 1993] . Significant influx of magnetosheath plasma via the wide and structured flank boundary layer is assumed to account for plasmas found inside the magnetotail [Stenuit et al., 2002; Terasawa et al., 1997; Nishino et al., 2002] . This input is not described by the MHD models and therefore the global circulation picture is not clear yet.
Magnetosphere on 14 September 2001
[9] During 14 September 2001 a rather rare case of almost 24-hour long continuous northward IMF orientation occurred. Here we will concentrate on the interval 2100-2400 UT (Figure 2) where Cluster measurements were available. The IMF B z was stagnant northward at $10nT for 2100-2200 UT, than gradually decreased to zero at 2300, starting a 45-min interval of southward orientation. IMF B y was smaller than B z during the northward IMF interval, while IMF B x was first small, then after 2200 it was large positive. The ground magnetograms from a number of magnetic observatories distributed worldwide (Figure 2e ) are consistent with the IMF profile: the geomagnetic field was quiet until 2300, when the convection bay associated with the southward IMF (substorm growth phase) developed at auroral latitudes. We would like to mention also the presence of a faint transpolar arc reported by the IMAGE spacecraft around 2315 UT. According to global aurorae observations onboard the IMAGE spacecraft (not shown here) several substorm onsets commenced at 2330 -2400 UT at different MLT.
[10] In agreement with the expected magnetotail configuration during northward IMF (see section 2), the DMSP spacecraft were detecting signatures of a very wide auroral oval (Figure 3 ). At $2230 UT the DMSP F12 on its pass across the northern polar cap from $0700 to $2100 MLT, revealed typical nightside plasma sheet precipitation in a wide range (67°-81°) of magnetic latitudes. The higher energy ions with energies of several keV were detected mainly equatorward of 70°, while at 70°-77°ions with $1 keV energies dominated (Figure 3 ). An interesting feature here is the area of intense precipitation at 79°-81.5°, which is visually detached from the auroral oval. Intermittent crossings of magnetic field tubes with plasma were also present above 81°, in the nominal polar cap zone. Such wide auroral oval is in a sharp contrast with the narrow oval which formed after 2330 UT at 63°-66°during the late growth phase (DMSP F13, Figure 3 ).
[11] The overview of Cluster-1 spacecraft data and spacecraft coordinates for the interval of interest are presented in Figure 4 . Here we use the FGM magnetometer [Balogh et al., 2001] and the CIS/CODIF ion spectrometer [Reme et al., 2001] data. Unfortunately, measurements started 90 min before the midnight of 14 September so that only a trailing piece of the magnetotail crossing under northward IMF is available. Cluster was located near its apogee, in the premidnight sector of the plasma sheet. The spacecraft magnetic foot point (computed with the T96 model with real IMF and D st ) was just northward from Iceland (for 2300 UT). The spacecraft was also 1.5 -0.7 R E above the model neutral sheet position [Fairfield, 1980] .
[12] According to ion measurements by the CIS/CODIF ion spectrometer, the plasma sheet was filled with dense (2 -3 #/cc) and cold (T H = 500 -1500 eV) plasmas. It was relatively quiet with ion bulk speeds within 100 km/s. The magnetic field configuration was characterized by a strong normal magnetic field component B z $5 -10 nT, while typical magnitude of B x was 20 nT and jB y j was within 5 nT. The Tsyganenko T96 model prediction for B z at this location is 3 nT.
[13] The southward IMF-associated plasma sheet stretching revealed itself in the Cluster data after 2315 UT when the magnetic field component normal to the equatorial plane, B z , became small $2 -3 nT. Local signatures of the substorm expansion (plasmoid release and earthward bursty flows) were detected after 0000 UT of 15 September (not shown here).
Current Sheets on 14 September 2001
[14] The fast magnetic field B x polarity reversals (current sheet encounters) detected by the Cluster spacecraft at 2254, 2310, 2314, 2350 and 2354 UT (hereafter crossings 1 -5) are very unusual for the thick plasma sheet configuration observed during 14 September 2001. Table 1 contains summary characteristics of all crossings, analyzed with the help of the four-point measurements as it is explained below.
[15] The first crossing occurred at 2254 UT as a clear smooth 100 s-long change from negative to positive B x ( Figure 5 ). The spatial orientation of a planar boundary with a finite thickness can be determined comparing instantaneous magnetic measurements of four spacecraft and assuming that the gradient in a boundary is constant. Alternatively, to calculate the normal and the propagation velocity along it, one can use time delays between measurements with the same magnetic field values. In our case both methods resulted in almost the same directions, and Table 1 contains the time delay determined normal N and velocity V n . Cluster actually crossed here almost vertical current sheet: the angle between the normal and the Y GSM axis d NY was just 11°.
[16] Another independent characteristic of a magnetic field reversal is the direction of maximal variance L. In a planar sheet it should be orthogonal to the normal. Here the angle d LN is less than 2°apart from 90°. For each magnetic field reversal we established the local boundary coordinate system with the L axis parallel to direction of maximal variance, the N axis perpendicular to L and closest to the estimated sheet normal, the M axis in the plane of current sheet and in accordance with the right-hand geometry.
[17] The magnetic field and plasma bulk velocity components in this reference frame reveal intrinsic features of the current sheet (Figures 5e -5g ). It had the B l profile close to the Harris shape (see Appendix A for the Harris model profile) with nonequal magnetic field on both sides. The shear component B m was large, while the normal component B n fluctuated around zero. Therefore magnetic field lines do not cross this current sheet. Such sheared sheets are typical at the Earth's magnetopause. The characteristic width Á of 1226 km (Table 1) was estimated by a fit of the Harris function to the magnetic field profile.
[18] The observed plasma bulk velocity along the normal ( Figure 5h ) was rather constant and very close to the computed boundary velocity (À22.9 km/s). Variations of V l and V m were not so stable from crossing to crossing and among the spacecraft (not shown here). Their profiles should contain signatures of plasma drifts and currents supporting the field reversal. This topic will be analyzed in detail in future publications.
[19] The second ( Figure 6 ) and the third crossings were similar in their characteristics, but the magnetic field was rather nonsymmetric (negative B x was noticeably smaller) and the estimates of the sheet thickness varied substantially. Since the plasma flow velocity component along the normal was in all cases almost equal to the estimated boundary velocity, it was reasonable to construct the presumed trajectory of the spacecraft position relative to the sheet between the crossings, using the instantaneous velocity measurements. Despite the normals to these three crossings being rather similar (Table 1) , the relative Cluster-1 position computed as R V n Á dt differed significantly depending on the normal used ( Figure 7 ). The observations are consistent with the hypothesis of a back and forth motion of one object (flapping) if the spacecraft positions are the same at B x reversals (marked by vertical lines). Though the difference in relative positions of crossings 1 and 2 turned out to be rather large according to Figure 7c , but still there exists general consistency of the trajectory and orientation of the boundaries, especially for the pair of crossings 2 and 3.
[20] The later crossings 4 and 5 happened during the late growth phase. The magnetic field configuration was more stretched (B z was small enough) and the orientation of the current sheet plane was closer to horizontal. Reliable determination of the sheet width was difficult because only one half of the sheet was actually crossed. The possible relation of these events with the previous ones will be discussed later on.
[21] The discussed field reversals might be also considered as tangential discontinuities. To compare conditions on both sides of a discontinuity we computed total plasma pressure and plasma b for the interval including first three reversals (Figure 8 ). Here the electron thermal pressure was assumed to be five times smaller than the ion one. The pressure balance is conserved almost ideally. The plasma b remains always high, while the plasma population on the before (or on the left if look towards the Sun) the first reversal is somewhat colder ($600 -700 eV) than on the right of it ($900-1200 eV). The relatively narrow (of the order of the reversal width) layer with even hotter ($1300 -1500 eV) and more rarefied plasma is observed immediately after the reversal. The plasma between the second and the third reversals is also hotter. However, in this particular case, Cluster could observe actually the above mentioned extra-hot layer since both these reversals are incomplete.
Other Observations
[22] In an attempt to understand how unique are such Cluster observations we analyzed the vast database of Figure 5 . Cluster crossing 1. (a) total magnetic field, (bd) GSM magnetic field, (e-g) boundary frame magnetic field, (h) ion bulk velocity along the normal. Cluster-1 (solid), Cluster-2 (dashed), Cluster-3 (dotted), Cluster-4 (dash-dot). Interball and Geotail measurements in the magnetotail during the years 1995 -1999. Automatically selected intervals of prolonged intense northward IMF (74 intervals of B z > 6 nT and duration longer than 6 hours) were checked for the availability of local magnetotail measurements. Of course, the current sheet thickness and orientation can not be determined reliably from the single point measurements but it is possible to detect ''suspected'' fast B x reversals in the plasma sheet with large B z . In a bit more than twenty events with available magnetotail data clear polarity reversals were present in 5-6 cases. It is noteworthy that such low success rate of event selection is quite typical for multisatellite magnetotail studies and therefore does not prove the rarity of the phenomenon. Here we present one bright example of dual Interball and Geotail observations of 8 November 1998.
[23] The solar wind and IMF data taken by Wind spacecraft at the 1400 -2200 UT of 8 November and shifted by convection time to the Earth position are in Figure 9 . IMF B z component was $20 nT, jB y j < jB z j, and B x was small and negative. This interval was actually between two mild storms (D st was decaying from À42 nT at 1400 UT to À16 nT at 2000 UT), solar wind density and IMF values were rather high and variable, but there was no substorm activity in accordance with the IMF orientation (ground magnetograms are not shown here).
[24] The overview of Geotail and Interball data and spacecraft coordinates are in Figure 10 . We used Geotail data from the magnetic field (MGF) [Kokubun et al., 1994] and low energy particle (LEP) [Mukai et al., 1994] experiments and Interball data from magnetic (MIF-M/ASPI) [Klimov et al., 1997] and ion (CORALL) [Yermolaev et al., 1997] experiments. Spacecraft were close to model (Figure 10e ), were almost aligned radially (at 1900-2000 UT), and were separated in X by $10 R E . At both locations the rather cold and dense plasma sheet was detected. Ion densities were 1 -3 #/cc ( Figure  10j ) (ion density measured by Interball is not shown, since it is less reliable) and temperatures were $2000 eV closer to Earth and $1000 eV at the more distant location. Magnetic field B z component observed by both spacecraft was rather high at 1000 -2000 nT. Sharp changes in the B x component (Figures 10a and 10f) were detected at 1430, 1600, 1700, 1845, and 2045 UT at the Interball position. Especially interesting are two polarity reversals at 1845 and 2045 UT which occurred simultaneously with similar changes at the Geotail position. In Figure 10a the shaded curve of Geotail B x is added to the Interball plot to ease the comparison.
[25] It is important to mention that in this case the actual location of the magnetic field B x reversals was far from the neutral sheet model prediction and was nonuniform along the magnetotail (Figure 10e ). Interball detected mostly southward half of the sheet (negative B x ) at 1600 -1800 UT, being more than 1 R E northward from the nominal field reversal. Moreover, at 1830 -2030 UT, Geotail detected negative B x simultaneously with the positive B x at Interball, while Geotail's position was actually above Interball's.
[26] The polarity reversals of B x component at 1835 -1855 UT (as observed by Geotail) are 3 -4 min long and are correlated with changes in V y plasma flow velocity (Figure 11 ). In Figure 11c , spacecraft relative motions along Y and Z directions are plotted, calculated as the time integrals of a measured plasma velocity Y and Z components (e.g., R V z Á dt). Such an approach assumes that the locally measured plasma flow velocity changes are common to a certain area, including the spacecraft and the boundary. If the double reversal under study is actually a back and forth excursion of the same boundary, then, for example, all B x = 0 crossings (marked as crosses) should occur at the same relative position. The hypothesis of motion along Y better corresponds to this model than the Z-dominated motion. In fact, the difference in assumed positions of B x = 0 along Y (marked by crosses) is less than 1000 km, while the whole span of motion is more than 5000 km. The Z-trajectory does not contain any backward motion intervals and therefore implies a crossing of multiple horizontal reversal layers, which is more improbable than vertical current sheets.
[27] Sergeev et al. [1998] suggested that in the absence of local variations (and assuming constant spatial magnetic field gradient), the temporal gradient of the magnetic field in the current sheet moving past the spacecraft should be linearly proportional to the measured plasma velocity along the sheet normal. The coefficient of proportionality is equal to the spatial gradient of magnetic field, and therefore the spatial size of the magnetic field change could be calculated basing on single-point meas- urements only. The method specifics are described in more detail in Appendix A. In the original paper the V z velocity was successfully correlated with the rate of B x changes, since the (cross-tail) current sheet is normally supposed to be horizontal and move vertically. In our case, in agreement with previous conclusions the magnetic field changes were much better correlated with V y than with V z (Figure 11d ). Cross-correlation coefficients were 0.88 and À0.15, respectively. The estimated value of spatial magnetic field gradient along Y was 0.012 nT/km and the width of the ±20 nT layer was equal to $3000 km.
[28] The V y was positive in the beginning (1840 UT), suggesting that the boundary was approaching Geotail from the nearest (dawn) flank. Plasma V y simultaneously detected by Interball was also positive and slightly higher at $100 km/s (not shown here). The analysis of the second fast crossing at 2040 UT revealed a more complicated picture, which was not simple enough to use the methods described above (therefore results are not shown here). However, its characteristics were still consistent with the model of the azimuthal back and forth motion of a strongly inclined boundary.
Discussion

Plasma Sheet With Northern IMF
[29] Observations of Cluster at À20 R E , Interball at À26 R E , and Geotail at À16 R E downtail helped to reconstruct the large-scale structure of the plasma sheet during steady northward IMF (IMF jB y j < B z ). With such an IMF direction, the reverse convection sets up in the polar caps [Crooker, 1992] , the lobe field lines erode, and the plasma sheet (and auroral oval) is expanded to high latitudes [Le et al., 1996] . In support to this scheme, it was found that the plasma sheet (at least) at downtail distances 15-25 R E is filled with magnetic field lines, having a high normal component near the equatorial plane. B z was typically 5 -10 nT for 14 September 2001 (the Cluster event) and 10-15 nT for 8 November 1998 (the Interball-Geotail event). Since the distance between Interball and Geotail was more than 10 R E , we can conclude that the normal magnetic field component had no strong gradient towards the Earth. Its value should depend on the amount of the magnetic flux in the plasma sheet (ultimately on IMF B z ) and the external solar wind pressure. Both parameters were higher for the second event. Ion temperatures were low (500-2000 eV), and densities were high (1 -3 #/cc) as it is expected. These our observations are in agreement with the previous findings.
[30] Because of data coverage and orbital limitations, it was impossible to determine the high-latitude extent of the plasma sheet. However, the sheet thickness was at least several Earth radii, since plasma was detected a couple radii higher and lower than the nominal field reversal plane [Fairfield, 1980] . The observed magnetic normal component near the equatorial plane was larger than the dipolar field and the T96 model estimates ($1-5 nT) for these downtail distances. Therefore it might be not appropriate to use this model for quantitative purposes in the magnetotail during intervals of strongly northward IMF.
[31] Observed in situ tail characteristics are in an agreement with the nightside high-latitude precipitation scanned by the DMSP spacecraft 2 hours MLT westward from the Cluster foot point. The plasma sheet signatures were detected from 67°to 80°of northern geomagnetic latitude. Above 70°the typical energy of precipitating ions was constant at $1 keV and close to the ion temperature in the plasma sheet. We suppose that this zone of the auroral oval projects to the middle tail with the uniform magnetic field normal component at 15-30 R E . Indeed, the magnetic flux in a magnetotail area 40 R E in Y by 15 R E in X with normal component B z = 10 nT is $2 Á 10 8 Wb, whereas the half (in MLT) of the auroral oval between 70°-80°contains $3 Á 10 8 Wb. The polar cap within 80°contains just $2 Á 10 8
Wb. During southward IMF the situation is reversed: the typical polar cap area is larger than the auroral oval area.
[32] The interval of intense plasma sheet-like precipitation around 80°latitude (Figure 3b) , which is visually detached from the main oval, is worth mentioning also. Transpolar auroral arcs are thought to accompany such auroral oval extensions [Huang et al., 1989] . However, development of the theta-aurora is explained usually by abrupt changes in IMF direction (ionospheric convection pattern) [Chang et al., 1998 ]. The particle precipitation within the arc area reveals its plasma sheet origin, and observations of plasma sheet expanded to the high-latitude (nominal lobe) magnetotail were reported in the region magnetically connected with the theta-aurora band in the ionosphere [Huang et al., 1989] . However, at the time of this DMSP pass, no arcs were detected in the IMAGE spacecraft UV image data. Another unique feature of the northward-IMF ionosphere are bright discrete Sun-aligned polar cap arcs detected from the ground [e.g., Gusev and Troshichev, 1990, and references therein] . Location of these arcs coincides with more faint and more global diffuse precipitation. Concrete plasma sources responsible for such discrete arc formation are still unclear and observations of thin current sheets might provide a clue to the arc generation mechanism (these issues will not be further elaborated here).
[33] The magnetotail configuration and global (reverse) convection under strictly northward IMF are, in some sense, opposite to the dynamics of the open magnetosphere under southward IMF. However, these northward IMF cases are not necessarily the intervals of magnetic quiescence (with low indices K p or A p ). For our events K p was 1+ and 3À due to rather dense and variable solar wind. On the other hand, the magnetosphere might be formally quiescent but still open, when the IMF is weak and azimuthal. In such a case, convection is principally the same as during active periods, though substorms are weaker [Nishida et al., 1998; Petrukovich et al., 2000] .
Field Reversals
[34] In a thick plasma sheet with a dipolar magnetic field or a large normal magnetic field component, the cross-tail current sheet, a relatively thin planar layer in which the magnetic field direction is reversed, does not exist. Therefore one should not expect to detect fast direction changes in the magnetic field profiles measured by a spacecraft moving across such a plasma sheet, unless the relative velocity is unreasonably high. However, as it was demonstrated in this investigation, magnetic field reversals (tangential discontinuities), which otherwise would be interpreted as thin current sheet crossings, are occasionally observed even in a thick plasma sheet configuration. The Cluster multipoint data helped to determine that these current sheets are rather unusual for the magnetotail: they are almost vertically aligned and have strong shear and vanishing normal magnetic field components. Magnetic field lines do not actually cross such a current sheet and it could be understood also as a border between two adjacent magnetic field domains. It should be noted here that all our cases were registered within ±10 R E from midnight, far from the flank low-latitude boundary layer where jumps of magnetic field direction are not uncommon. The similar pattern with quickly alternating magnetic field was also observed in the distant magnetotail, but it probably corresponds to the evolved boundary layer [Fairfield, 1993] .
[35] To explain these observations, we suggest that the observed field reversals are vertical boundaries between neighboring (in MLT) magnetic flux tubes, some of which are asymmetric with respect to equatorial plane due to a certain vertical (poleward) shift of their tailmost parts (Figure 12, left) . With such a shift, in the certain spatial area earthward directed ''normal'' field lines (flux tubes) coexist (adjacent in Y coordinate) with tailward directed parts of shifted field lines. The local magnetic field direction change might therefore be quite large (90 -110°in our case), but the overall change in the magnetotail geometry is not so significant. Of course, other flux tube configurations could not be excluded, but we consider the above variant as the simplest one.
[36] In the boundary frame of reference, which is almost orthogonal to the GSM frame, the large B z magnetic field component will play the role of a shear component. Since neighboring field tubes lie in almost parallel planes, the magnetic field component across the boundary should be close to zero in accordance with our observations. The reversal zone contains electric current, which self-consistently supports the field direction change. The observed current sheet configuration (for the first reversal) together with the approximate spacecraft trajectory is in Figure 12 (right). Here the geometry in the XY plane is slightly changed to simplify the cartoon (this change is equivalent to a $10°rotation of the new X 0 towards the L direction but within the XY plane).
[37] Such nonsymmetric sheared current sheets are typical for the frontside magnetopause crossings and their structure and stability are well studied theoretically [Galeev et al., 1986; Kuznetsova et al., 1996] . In particular, adiabaticity criteria are obeyed for our cases due to presence of a strong magnetic shear. The profile of the first Cluster reversal can be fitted by a modified nonsymmetric Harris distribution with a high degree of confidence. Its scale parameter (half thickness) was $1200 km. For the next crossings, Harris fits were not so accurate, resulting in significant scatter of the scale from 400 to 4000 km. However, the thickness of such current sheet should be determined by relative instant motions of neighboring flux tubes and is not necessarily stable. The characteristic size of the current sheet of 8 November 1998 was about 3000 km. Owing to higher external pressure, the amplitude of the field reversal also was approximately double (±40 nT compared with ±20 nT) for this event. The detailed investigation of the inner current sheet structure is reserved for the future publications.
Global Context
[38] On a somewhat speculative basis one can suggest two possible general scenarios of such anomalous plasma sheet structure formation. Some global models of the magnetospheric circulation under northward IMF [Fedder and Lyon, 1995; Song et al., 1999] state that the plasma sheet in the nightside external magnetosphere contains only permanently closed field lines and is topologically separated from the merging-related convection in the lobes and boundary layer. Following this paradigm, the field reversals (or shifted flux tubes in our interpretation) are definitely observed inside this separatrix and should be of internal plasma sheet origin. Under northward IMF, the plasma sheet is expanding poleward. This process follows the merging-related lobe erosion and is sporadic and independent in two lobes. During this expansion the plasma sheet structure might became more irregular. Some flux tubes might advance more toward one of the poles and become shifted relative to their neighbors. However, with such an interpretation, one should probably expect formation of gradual (in Y) spatial shifts, while our observations of the thin current sheets reveal the step-like changes.
[39] Another scenario supposes the external origin of the flux tube anomalies. Though in the models there is no exchange between the merging-related convection and the closed field-line areas in the magnetotail, still there are a number of reasons to suppose the significant plasma inflow in the magnetotail via the flanks (see section 2). The flank boundary layer under northward IMF is wide and characterized with fast alternating magnetic field orientation, which could be due to peculiarities of the merging process [Stenuit et al., 2002; Fairfield, 1993] . If under some conditions (recently twice reconnected) closed flux tubes enter the plasma sheet from the boundary layer, they can have different geometry from the ''natural'' plasma sheet tubes.
[40] Indeed, the desired field line asymmetry with respect to the equatorial plane is naturally formed in the highlatitude reconnection process. Under northward IMF the reconnection is privileged in one of the lobes (as determined by a season and IMF B x , see section 2). The location and time of the (later) reconnection in another lobe, which is required to produce a closed field line, are affected by the magnetosheath convection in each concrete case. After such second re-reconnection (Figure 1) , the newly formed closed field line has a kink (a tailmost part of a field line) significantly above (or below) the equatorial plane. This kink should evolve and relax while the field line is convected further. However, on a speculative basis, some kinks might remain shifted from the equatorial plane, while the corresponding flux tube enters the plasma sheet. Since this flux tube is of external origin, the boundary between it and ''natural'' normally positioned plasma sheet tubes will be sharp and look like required magnetic field reversal in a limited spatial area (Figure 12 ).
[41] Simultaneous observations of magnetic field reversals by two spacecraft significantly separated in X but radially aligned suggests that such anomalous field lines are not just localized exotic magnetic tubes but are slices of the plasma sheet, stretching at least from 15 to 30 R E . They might form when, owing to some particular configuration, the reconnection was preferred in a certain area extended along the lobe.
[42] According to velocity analysis the anomaly field tubes flap in Y direction with speeds of some tens km/s, which are typical for such type of a motion [Sergeev et al., 1998 ]. The estimated spatial extent of flapping is several thousand kilometers. These flux tubes might also contain plasmas different from that on neighboring (regular) field lines. For example, in the first crossing of 14 September, the ion temperature on negative B x field lines was only half from that on the other side of the reversal.
[43] With the IMF southward turning after a period of northward IMF, additional field lines are added to the lobe and exert pressure on the plasma sheet, forming the stretched magnetic configuration and probably gradually pressing equatorward the shifted field lines to the nominal position. The sequence of five crossings observed right after the start of a growth phase on 14 September 2001, with characteristics evolving from vertical boundary of almost antiparallel fields to more oblique partial reversals is consistent with such a scenario.
Conclusions
[44] When IMF B z is positive, the magnetospheric convection pattern is opposite to that with southward or azimuthal IMF orientation. Following the high-latitude reconnection in lobes (and the lobe erosion), the thick, cold, and dense plasma sheet expanding to high latitudes is formed. This magnetotail state with B z = 10-20 nT in the range 15-25 R E downtail is distinctly different from the dipolarized or stretched tail configurations.
[45] The advantage of multipoint measurements in the Cluster project helped to investigate strange narrow field reversals, observed in such a thick plasma sheet. They were found to be vertically oriented with vanishing normal component and thus distinctly different from the main cross-tail current sheet. On the basis of this new Cluster knowledge, previous data of Interball and Geotail projects, taken under similar conditions, were revisited and similar cases were identified.
[46] We suggest that these reversals might emerge in the spacecraft data due to flapping of neighboring flux tubes with complicated magnetic geometries, e.g., with some vertical indentation. Observations of Interball-Tail and Geotail spacecraft, separated by $10 R E radially, showed that such anomalous magnetic tubes are actually the large-scale formations.
[47] A number of new Cluster observations will be necessary to investigate the appearance of these and related structures at high latitudes (in the lobe) and in the flank boundary layer. Direct evidence of such flux tube origin will also clear the scheme of the global convection under northward IMF. An interesting aspect here is possible relation of such current sheet with discrete Sun-aligned polar cap auroral arcs, observed on the ground when IMF is northward.
[48] The investigated events were registered during intervals with somewhat higher than average (but not unique) positive IMF B z and rather variable solar wind flow. The former factor should intensify the reverse convection and the latter would add to dynamics of the plasma sheet, both making the specific plasma sheet structures more readily observable by a spacecraft experiment. During less intense IMF the anomalous field tubes might be more rare and might be less vertically indented so that just jumps in the magnetic field components would be detected, rather than complete direction reversals. The candidate events should look like fast current sheet crossings (magnetic field direction changes) under conditions when formation of the thin cross-tail current sheet is improbable.
Appendix A: Determination of the Current Sheet Thickness With Single Point Magnetic and Plasma Measurements
[49] Measurement of spatial scales at the magnetospheric boundaries is one of the prime tasks of in situ space experiments. However, plasma formations often move past the spacecraft at velocities much larger than the orbital velocity, and spatial changes are mixed with temporal ones. However, if the relative velocity of a spacecraft is large enough (several tens km/s), it can be measured by a plasma instrument as the bulk flow of the plasma past the spacecraft. In particular, Sergeev et al. [1998] implemented such a method to determine magnetotail current sheet thickness using single-point magnetic and plasma data.
[50] The advantages and limitations of this method can be best understood on a simple model ( Figure A1) . Consider a planar current sheet with the Harris-type magnetic field spatial structure B = B 0 Á tan h (z/Á) ( Figure A1a ), which is crossed by a spacecraft moving along the normal direction Z. Assuming reasonable velocity temporal profiles V (Figure A1b) , the recorded magnetic field change ( Figure A1c ) is determined by both the spatial magnetic gradient and velocity: In our example two variants with variable (solid line) and quasi-constant (dashed line) velocities resulted in a slow and fast inner current sheet crossings, respectively. Since temporal gradient and velocity are known, it is theoretically possible to calculate instant spatial gradients for each data sample.
[51] In a real experiment, owing to presence of noise-like additions in the data, gradients are estimated in a statistical sense from the whole set of measurements across the current sheet. If the spatial gradient is almost constant (in the middle of the Harris current sheet) the average gradient and the velocity offset can be determined applying the linear fit to all pairs of B t 0 and V points (Figure 14d ). The velocity offset is defined as the velocity value when the rate of magnetic field change is equal to zero and emerges due to plasma instrument specifics. In our model we took only points from the linear part of the Harris profile with jBj < 0.4 * B 0 (Figure A1d) , and the linear proportionality is almost perfect. However, while the gradient is correctly determined in the first test crossing (solid curves and squares), in the second case (shaded curves and crosses) its estimate exceeds the actual value by a factor of $2.4 and also the false velocity offset is detected. Here an additional assumption of the zero velocity offset (as it is true in our model case) will help to recover the correct gradient, Figure A1 . The model of current sheet crossing. (a) Spatial Harris profile, (b) two variants of relative velocity temporal profile, (c)resulting magnetic field temporal profiles, (d) correlation analysis (see text for details). because the linear fit is then forced to pass through the origin.
[52] This difference in gradient estimates is due to nonvanishing second derivative of magnetic field. Indeed, consider the linear fit coefficient is determined as the ratio of B t 0 and V variations:
Even if variation of the spatial gradient dB z 0 is reasonably small, but relative velocity variation V/dV is large (velocity is nearly constant), the total contribution to the slope (and to the estimated gradient) from the second additive on the right side is large. This problem does not exist with exactly linear current sheets. Note that the key parameter here is not the magnitude of velocity but its relative variation.
[53] To avoid overestimation of gradients and underestimation of current layer thickness in processing experimental data, one should select data only in the presumed constant gradient range of magnetic field values and use relatively long crossings with sufficiently varying velocity. Visually perfect fast crossings of current sheets, occurring with almost constant velocity, are most susceptible to errors and should be treated with care. In such a case knowledge of the velocity offset (e.g., if it is negligible), might help to constrain additionally the linear fit function.
